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Abstract 
Autumn leaves often cause low adhesion problems for train operations, leading to station 
overruns and signals passed at danger (SPADS). The aim of this paper was to review 
operational data and research methods to assess the current understanding of the problem and 
formulate hypotheses for the causes. Incident analysis showed the relatively high possibility of 
incidents between the hours of 05:00 ± 10:00 and 20:00 ± 24:00, suggesting the dew effect was 
important. This result corresponds to the knowledge that wet leaves in the contact area produce 
very low friction coefficients, below 0.1. Current mitigation methods, such as sanding, seem 
inadequate to remove the leaf films completely. To explain the bonding mechanism between 
the leaf film and the rail, a laboratory-based model and a field-based model were developed 
based on previous studies. Moreover, key parameters for a strong bond formation were 
identified, which are iron oxide, temperature, pressure and leaf material. The research gaps 
were identified by a paper grading method, and several hypotheses for bonding mechanisms 
and low adhesion mechanisms were proposed, such as sub- or super critical water and pectin 
gel. 
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1. Introduction  
 
Recently, railways have been re-evaluated as an eco-friendly method of transportation, which 
could achieve long-term sustainability due to their relatively low energy consumption and low 
carbon dioxide emissions [1, 2]. These characteristics are brought about by low rolling 
resistance due to the high stiffness of the wheel and rail. This leads to a relatively small contact 
area between the wheel and rail, resulting in a low dissipation of the driving energy by a friction 
force.  
The tribological conditions between the wheel and rail are commonly expressed using three 
words, namely, friction, traction and adhesion. Friction is the tangential force transmitted 
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between two objects which slide against one another. On the other hand, traction is the force 
transmitted between a driven cylinder rolling along a flat plane, further explanation can be 
found in [3]. The underlying friction level between two bodies of known materials will dictate 
the relationship between creep (the difference in relative surface speeds of the rolling/sliding 
body and the plane) and the traction force as shown in Figure 1 [4]. Friction and traction are 
different properties of a contact. The term used depends on the measurement technique. For 
example, if a sliding device such as the pendulum [5] is used, then any result will be a 
measurement of friction. However, if a rolling/sliding device is used such as the hand pushed 
tribometer [6], then any result will be a measurement of traction. It must be noted, however, 
that any friction/traction coefficient measured by such devices will be the coefficient between 
the rail and that device. Measuring the actual traction coefficient between the wheel and rail is 
very difficult/impractical. Thus, devices such as the pendulum and tribometer can give reliable 
estimations of what the traction coefficient between the wheel and rail is likely to be. Adhesion 
is a word which is commonly used in the railway community and can be used incorrectly when 
referring to the wheel/rail contact as discussed in Olofsson et al. [3]. However, adhesion seems 
to be a useful term which can be used to refer to the general state of friction on the rail head. 
)RUH[DPSOH³ORZDGKHVLRQFRQGLWLRQV´UHIHUVWRDUDLOKHDGZKLFKKDVORZIULction and thus 
will give low traction between the wheel/rail interface.  
 
 
(a)                                                                           (b) 
Figure 1: Relationships between creep and friction/traction/adhesion: (a) Creep curves in a 
twin-disc apparatus [4], (b) Definitions of friction/traction and adhesion 
The traction force is determined by the traction coefficient µ between the wheel and rail and 
the normal force. It transmits both the accelerating force and the braking force from the wheel 
to the rail. Hence, the friction level in the contact patch is an important factor to determine the 
kinematic performance of trains. Generally, the traction coefficient between wheels and rails 
strongly depends on the condition of the contact area. Typically, the friction/traction coefficient 
in the contact area between wheel and rail is 0.3 in reasonably dry conditions [7]. However, 
the rail surface is often contaminated by various sources, such as water, oil and soil deposited 
at road crossings, and this contamination decreases the friction coefficient below that of dry 
levels. For example, fallen leaves in the autumn reduce the friction coefficient to approximately 
0.1 or less [7, 8]. Leaves on the line are one of the main causes of the low adhesion problems 
[7, 9].  
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Low adhesion conditions cause problems in train operations, in terms of safety, service and 
cost. For instance, station overruns and collisions occur due to braking issues as a result of low 
adhesion levels [10, 11]. Moreover, service disruption can lead to low customer satisfaction. 
Additionally, low adhesion problems cause additional costs for the measures to maintain the 
adhesion level. For example, the annual cost due to the leaf problem is UHSRUWHG WREHǧ0 
million in the United Kingdom [12] and 100 million SEK in Sweden [13]. Low adhesion, 
therefore, has an impact on train operation and weakens the competitiveness of the railway in 
comparison to other transportation methods. 
Leaf contamination on the rail surface has been studied by many researchers [4, 7, 12-22]. 
Studies reveal that leaves form a KDUGEODFNDQG³Weflon-like´ILOPRQWKHVXUIDFHThis layer 
reduces friction on the railhead when a small amount of water, such as light rain, frost and 
morning dew is present [7, 8]. From these results, various measures have been carried out to 
remove the leaf film, which is strongly bonded to the rail surface [7, 8]. For example, sanding 
from a locomotive has been used to increase adhesion and remove the leaf residue [7, 8]. 
However, sanding can damage the wheel and the rail, leading to an increase in maintenance 
costs [4, 17, 18]. Furthermore, it can cause isolation problems which affect track circuits used 
in train detection [23]. Other measures, such as vegetation management and high pressure water 
jetting of rails, are also carried out [8, 9, 22]. However, these measures also have an associated 
running/maintenance cost. Although, an effective method to remove leaf films has not yet been 
established. 
Recently, new research approaches for the leaf film issue have been attempted, by analysing 
the bonding chemistry and mechanism between the leaf film and the rail surface [14, 15, 24-
26]. Several techniques for analysis, such as FT-IR (Fourier-Transform Infrared spectroscopy), 
GD-OES (Glow Discharge Optical Emission Spectroscopy) and EDX (Energy Dispersive X-
ray), have been carried out for leaf films obtained in both the laboratory and in the field. From 
these studies, it has been noted that leaf films have three important components, namely, pectin, 
cellulose and lignin [12, 15, 17]. Also, it is found that a leaf film contains a significant amount 
of iron, oxide, carbon, calcium and nitrogen [25, 26]. These results clearly show that the leaf 
components react chemically with the active Fe ions originated from the rail steel. This 
chemical reaction seems to cause the strong bond, thus, making the film difficult to remove.  
However, the bonding mechanism of the leaf film has not yet been clarified [27]. The processes 
and parameters in the chemical reaction have not yet been revealed, although the key elements 
in the reaction have been defined. If this mechanism is determined, more effective methods to 
prevent the leaf film forming or to remove the leaf film could be developed. Thus, more detailed 
research in this field is required, including identification of the main parameters which affect 
the bonding condition. 
The purpose of this review is to reveal the current understanding of the bonding mechanism 
between the leaf film and surface of the rail and key parameters which influence the formation 
of the hard, black and slippery layer, and to elucidate the manner in which it causes low 
adhesion. Gaps will be identified and further work defined to focus on the cause and propose 
an area to explore for mitigation. 
 
 
 
2. Incident Analysis 
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Analyses were carried out regarding the data provided by Network Rail, which contains 
incident information for the autumn period, such as station overruns, track circuit failures and 
signals passed at danger (SPADs). These incidents are critical for train operators in terms of 
safety and service issues, and leaf contamination is considered to be one of the main causes of 
these incidents. 
Figure 2 shows a relationship between the time of day and the total number of incidents (station 
overruns and SPADs), accumulated between 2010 and 2014. From this figure, a relatively high 
frequency of incidents is observed between the hours of 06:00 ± 24:00, in which trains are 
frequently operated. In contrast, the incidents are dramatically decreased between 00:00 ± 
05:00 because of few train operations, and medium number is observed between 05:00 ± 06:00.  
 
 
Figure 2: The relationship between the time of day and the total number of incidents (station 
overruns and SPADs) during autumns 2010 ± 2014 
 
Figure 3 shows a relationship between the time and the number of incidents between the hours 
of 05:00 ± 24:00, normalised by the number of stopping attempts on average. The data between 
05:00 ± 24:00 is chosen because of the relatively larger number of incidents. The normalised 
number (N.N) is calculated by equation (1). 
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As can be seen, the high probability is confirmed between the hours of 05:00 ± 10:00 and 
between 20:00 ±  DQG WKH DYHUDJH YDOXHV DUH Â-3 DQG Â-3, respectively. 
Conversely, the relative low possibilityÂ-3 on average, is confirmed between 10:00 ± 
20:00, although there are some fluctuations. This value is approximately 40 % lower than the 
values of 05:00 ± 10:00 or 20:00 ± 24:00. As a result, there is a distinctive relationship between 
the time and the incident probability.  
 
 
Figure 3: The relationship between the time of day and the normalised number of incidents 
 
Figure 4 shows a relationship between the time of day and the normalised number of leaf-
related incidents in the hours between 06:00 and 24:00, analysed from data recorded between 
2010 and 2012. The data in 2013 and 2014 are excluded because of less data categorised as 
³OHDI FRQWDPLQDWLRQ´$VFDQEH VHHQ a relatively high possibility is observed between the 
hours of 06:00 ± 09:00, in contrast, a lower possibility is confirmed in the other hours. The 
average value between 06:00 ± LVÂ-3, which is twice as high as the average value 
between 09:00 ±  LH Â-4. A slight increase can be seen between 20:00 ± 24:00, 
however, the difference is not clear. From this analysis, it is shown that the probabilities of 
incidents related to leaf contamination depend on the time of a day, namely, early morning 
from 06:00 ± 09:00. 
The high probabilities between 05:00 ± 10:00 and 20:00 ± 24:00 in Figure 3 and Figure 4 could 
be attributed to the dew on the track [28]. Generally, mixtures of leaves and a small amount of 
water decrease the friction coefficient dramatically [7]. Dew, which lies on the ground because 
of the high relative humidity, seems to deposit water on the rail. Relative humidity tends to 
increase from night to morning, for example, the relative humidity between 22:00 and 10:00 is 
over 80 % in south east England [29]. This data needs to be measured using a standard method. 
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For example, relative humidity measured close to the rail might be higher because of the lower 
air temperature close to the ground. Therefore, dew is likely to be produced between 22:00 and 
10:00, depending on other factors, such as geographic features. This time characteristic 
corresponds to the tendency in Figure 3, namely, the relatively high probabilities between the 
hours of 05:00 ± 10:00 and 20:00 ± 24:00. Furthermore, the high possibilities between the hours 
of 06:00 ± 09:00 in Figure 4 suggest that dew is absorbed into the leaf films continuously from 
night to morning, and creates the low adhesion condition due to the high moisture level in the 
leaf films, which seems to reach maximum value in early morning. 
 
 
Figure 4: The relationship between the time of day and the normalised number of incidents 
related to leaf contamination causes 
 
3. Low Adhesion due to Leaf Layers 
 
The traction force is one of the most important factors for train control, in particular, for 
acceleration and braking. In dry conditions, the friction coefficient, µ, is 0.3 on average. 
Generally it is required to be 0.2 and 0.09 for safe traction and braking, respectively [7]. Low 
adhesion conditions can be produced by various factors. However, they are mainly caused by 
the mixture of surface contamination and a small amount of water [7, 8]. Low adhesion levels 
are classified into three groups as shown below [16].  
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z Exceptionally low: 0.02 < µ 0.05 
 
Friction/traction coefficient values acquired during previous research are shown in Table 1. As 
can be seen, the friction/traction coefficients with leaf contamination are often below 0.1, 
although they are varied due to different test methods. It is also found that the leaf type (such 
as sycamore and elm) does not affect friction/traction values. 
 
Table 1: Friction coefficient values acquired by the previous research 
 
 
From Table 1, the testing methodology is found to have an effect on the measured friction 
coefficient values. For example, values measured by a twin disc apparatus tend to be lower 
than the value obtained by pin-on-disc equipment. A pin-on-disc test does not replicate the 
rolling-sliding conditions between wheels and rails but does offer greater controllability over 
parameters such as sliding velocity and contact pressure. Rolling-sliding conditions can be 
replicated by either twin-disc or ball-on-disc machine. Main difference between a twin disc 
machine and a ball-on-disc machine is that the former produces a line contact and the latter 
produces a point contact. 
Figure 5 shows typical traction results of a twin-disc test performed under varying 
contamination conditions [24]. A leaf layer was created on the rail disc and then run against 
wheel disc. In Figure 5, it is observed that wet leaves produce lower traction conditions than 
dry leaves and the lower traction tends to remain for a long time. Figure 1 (a) shows a general 
relationship between the slip and the traction coefficient, obtained in twin disc apparatus [4]. 
Authors Test Method Leaf type Test conditions Friction Coefficient
Gallardo-Hernández,
et al. [4] Twin disc
Mixture
(Mainly maple and oak)
Dry/Wet
1 m/s with 0.5, 1, 2, 3, 5 % slip
1.5 GPa
< 0.05 (Dry, for all slip values)
< 0.02 (Wet, for all slip values)
Arias-Cuevas,
et al. [12] Twin disc Cut Sycamore
Dry
1 m/s with 0.5, 1, 2 % slip
1.2 GPa
< 0.05 (Typically)
Olofsson,
et al. [13] Pin-on-Disc Crushed Elm
RH = 40 ±5 and 95 ±5 %
0.1 m/s with 100 % slip
0.8 and 1.1 GPa
0.25 (RH = 40 %, mean value)
0.15 (RH = 95 %, mean value)
Cann [15]
Ball on disc
(Mini traction
machine)
Chopped Sycamore
Soaked for 1-15 days
Wet
0.02-1 m/s with 1 and 50% slip
1 GPa
0.01-0.07 (Soaked brown leaf)
0.04-0.14 (Water-soluble component)
9DVLüet al. [16] Twin disc Unknown
Wet
1 m/s with 1 % slip
1.5 GPa
< 0.06 (with leaf films)
Arias-Cuevas,
et al. [17] Twin disc Cut Sycamore
Dry
1 m/s with 0.5 % slip
1.2 GPa
< 0.02 (Minimum value)
Omasta, et al. [18] Twin disc
Mixture + Extractes
Soaked for 5 days
(maple, beech, oak, birch)
Wet
0.8-3 m/s with 1-10 % slip
1 GPa
< 0.1 (Leaf mixture)
䍜 0.1 (Extractes, gradual drop)
Lewis, et al.  [24] Twin disc Sycamore Paste(Chopped and soaked)
Wet
1 m/s with 3 % slip
1.5 GPa
0.05 ~ 0.15 
Arias-Cuevas,
et al. [19]
Field
(Locomotive) Unknown
Dry/Wet
Axle load 21.5 t
0.06 (Dry, mean value in 1st run)
0.04 (Wet, mean value in 1st run)
Tamura, et al . [22] Field(Tribometer) Unknown
Dry
0.7 GPa 0.3
Oloffson, et al . [25] Field(Tribometer) Unknown Wet (Light rain) 0.15 (Minimum value)
Nagase [30] Field(Test bogie) Pine needles
Dry/Wet
20 km/h (Maximum)
0.05 (Dry, minimum Value)
0.05 (Wet, minimum Value)
8 
 
 
 
Figure 5: A general relationship between the rotational number and the traction coefficient in 
a twin disc apparatus, showing the long effect of wet leaves [24]. 
 
In [4], leaves were continuously fed into the disc contact, keeping the friction level low, in 
contrast to the method used in [24]. As can be seen, both dry and wet leaves yield low traction 
levels at slip ratios between 0.5 and 5 %. These results suggest that leaf films are not easily 
removed by the wheel rolling with slip once they have formed on the rail surface, confirming 
what has been seen in previous studies [7, 16]. 
 
4. Mitigation Methods 
 
Several measures, which mitigate the low adhesion phenomenon due to autumn leaf films on 
the rail surface, have been carried out by train operating companies and infrastructure 
companies [7-9]. However, each mitigation method has a weakness in terms of practical 
applications, such as cost, time and labour. The specifications of representative methods are 
described below. 
 
4.1 Sanding 
Sanding is one of the traditional ways to increase the adhesion level [19]. The sanding effect 
on leaf-contaminated rails has been investigated by laboratory-based tests with various 
parameters, such as sand grain size and slip ratio [4, 17, 18]. According to these studies, sanding 
recovers the adhesion to near dry contact levels with optimised parameters, and it also 
contributes to the removal of leaf films. For example, in [4], adhesion is increased to the level 
of an uncontaminated contact in dry conditions. Furthermore, these recovering and removing 
effects are confirmed in field investigations [19]. In this investigation, the adhesion 
improvement was achieved even at the non-sanding axles due to the leaf film removal. 
Accordingly, sanding seems to have a lot of positive effects on adhesion improvements. 
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However, there are several drawbacks to sanding, namely, the damage to the wheel and the rail 
surfaces [4, 17, 18, 31, 33, 34] and the electrical isolation of the wheel/rail contact area [23, 
32]. Generally, track circuit systems are used for train detection in signalling systems. 
Therefore, good conductivity between the wheel and the rail is essential for their successful 
operation.  Sand in the wheel/rail contact increases the electrical resistance of the contact area 
[23, 32], and can cause temporary failure of track circuits. Track circuit failures cause 
unnecessary closure of the railway on safety grounds, leading to disruption and delays. 
Moreover, it is demonstrated that the applied sand damages the wheel and the rail, producing 
cracks and a large deformation layers in the surface [4, 18, 33, 34]. The wear of these 
components in sanding conditions can be 10 ~ 100 times greater than in normal conditions [31]. 
Therefore, sanding is effective for improvement in terms of adhesion and removal of the leaf 
residue. However, additional costs might be incurred, associated with operational issues and 
damage of track and infrastructure. 
 
4.2 Traction Enhancer 
Traction enhancers (Adhesion enhancers), a type of product have been developed and tested 
recently, [12, 24, 35]. Traction enhancers aim to overcome low adhesion problems, in particular, 
leaf contamination. Mainly, they consist of sand particles, steel particles, water or water-based 
gel, and usually they are applied to the top of the rail in liquid form [12, 24, 35]. The liquid/gel 
is designed to improve the particle adherence on the rail and thus increasing the efficiency of 
sand which reaches the contact patch, thus boosting friction/traction coefficients under low 
adhesion conditions [12, 35].  
It is confirmed that traction enhancers can mitigate the low adhesion condition due to leaf 
contamination, recovering friction/traction levels close to dry conditions [12, 24]. For instance, 
the time to recover the friction/traction level can be shortened up to 70 % and 93 % in braking 
and traction, respectively [12]. Moreover, the wear rate of the rail material is lower than that 
of dry conditions, indicating less damage is caused to the wheel and rail compared to traditional 
sand application [24].  
However, some traction enhancers cannot remove leaf films completely [12]. Some types of 
traction enhancer can cause damage both the rail and wheel surface, such as indentation due to 
sand particles [12, 35]. This damage might lead to an increase of maintenance cost. Moreover, 
they are reported to show a high impedance in the contact area immediately after their 
application [24]. Although the impedance becomes stable after a few seconds, this high 
impedance could cause a signalling problem.   
Thus, traction enhancers are one solution for the leaf contamination problem, however, they 
have several drawbacks, such as surface damage and increased contact resistance.  
 
4.3 High pressure water 
High pressure water is often used to remove leaf films on the rail surface [7, 8, 16, 22], and it 
is usually used in combination with sanding [7, 8]. Special trains equipped with sanders and 
high pressure washers are routinely operated on areas of track where low adhesion conditions 
due to leaves are common. Although there is little work on the performance of high pressure 
water when used for the removal of leaf films, it is confirmed to be effective to some extent, 
as reported in [9]. However, the leaf films on the rail cannot be removed completely by this 
method, evidence showing that there is a 10 ± 15 micron thick leaf film left on the rail after 
10 
 
cleaning [7]. This residual film could still produce low adhesion phenomena. In addition, the 
operational cost of rail cleaning trains is relatively high, estimated at ǧ25 million per year [16].  
 
4.4 Prevention of leaf film formation 
Some methods used to prevent the formation of leaf films include patrolling around hot spots 
and vegetation management, however, a promising measure is the application of a controlled 
pH solution to the rail head [14, 21]. According to a previous study, an alkaline environment 
(pH 9) prevents leaf films from forming, resulting in the improvements in leaf film properties, 
such as a reduced thickness, less coverage and increased skid resistance [21]. However, an 
acidic environment (pH 3) shows less effect on prevention than an alkali one [21]. These effects 
are closely related to the activation of ions, for example, FeOH2+ or FeOí ions, which are from 
the Fe-oxides and believed to be key factors for the chemical reaction between leaf components 
and rail steel [14, 27]. The different results in varied pH values indicate that less H+ ions 
deactivate the chemical reaction and prevent the formation of strong bonds between the leaf 
residue and the rail.  
However, the leaf film formations are not completely prevented by this method. For instance, 
there is only a 17% reduction in the film thickness when using a pH treatment compared to no 
treatment [21]. One downside of pH solutions need to be continuously dispersed around the 
low adhesion area, incurring additional costs with regard to chemicals, equipment and labour.  
Overall, the pH control method mitigates leaf film formation and also has some effect on 
removal, however, the prevention effect is limited and as such may not provide the most cost 
effective solution. 
In conclusion, several measures have been conducted to overcome low adhesion problems due 
to leaf contamination, and they are effective to some extent. However, the improvements are 
limited, in particular, leaf films cannot be removed completely in a way that is not destructive 
to either the rail or the wheel.   
 
5. Leaf Layer Chemistry and Bonding Mechanism 
 
Recently, new approaches to the leaf contamination problem have been implemented, to reveal 
the chemical and bonding conditions between the leaf layer and the rail surface [14, 15, 25, 
26]. Important findings have emerged from analysis techniques such as FT-IR (Fourier-
Transform Infrared spectroscopy) [14, 15], GD-OES (Glow Discharge Optical Emission 
Spectroscopy) [25, 26] and ESCA (Electron Spectroscopy for Chemical Analysis) [25]. Two 
representative models, which explain the chemical and bonding conditions between leaf layers 
and rails, are derived based on the previous research [25, 26], as shown in Figure 6. The details 
of these two models and other hypotheses are described below. 
 
5.1 A laboratory-based model [26] 
Figure 6 (a) shows a schematic view of the laboratory-based model presented in [26]. This 
model consists of the three layers, which are a coated slippery layer at the top, an easily sheared 
chemically-reacted layer in the middle and a rail bulk at the bottom. In the case of the leaf 
contamination, the coated slippery layer is a leaf film, and the easily sheared chemically reacted 
layer corresponds to a bonding layer between leaf films and rails. GD-OES analysis shows 
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relatively high levels of calcium and phosphorus in rail samples which had been prepared in 
the laboratory by rolling with a leaf. These samples did not have a visible leaf layer, and these 
substances (Ca, P) are likely to have been deposited on the rail by the leaf. This result suggests 
the existence of a chemically-reacted layer.  
However, a detailed chemical reaction process between leaf films and rail bulk materials has 
not yet been clarified. Furthermore, the mechanism of how leaf contents, such as Ca and P, 
bond leaf films to rail materials has not been revealed. Hence, this model needs more detailed 
research in chemical and bonding conditions, in particular, a chemical reaction process and a 
strong bond mechanism.  
 
 
(a)                                                                         (b) 
Figure 6: Representative models of the bonding condition between the leaf film and the rail 
surface. 
(a) A laboratory-based model with a three layer structure [26] 
(b) A field-based model with a three layer structure [25] 
 
5.2 A field-based model [25] 
Figure 6 (b) shows a schematic view of the field-based model, explained in [25]. This model 
has been developed through analyses of a tarnished sample, taken from the actual tracks in 
Sweden. There are three layers in this model, i.e. a tarnished layer at the top, a friction-reducing 
layer in the middle, and a rail bulk material at the bottom. In this model, the bonding mechanism 
can be explained in two steps: firstly, a leaf is deposited on the rail surface, providing carbon, 
nitrogen, calcium and other elements. Secondly, these elements and iron oxides chemically 
react and form the chemically reacted layer with strong bonds to the rail bulk.  
The tarnished layer mainly consists of organic components from leaves, and the friction-
reducing layer contains a high amount of iron oxides. ESCA analysis reveals that a tarnished 
layer has high carbon (48 wt%), oxygen (29.3 wt%), calcium (2.8 wt%), but less iron (13.2 
wt%). These contents are not originally derived from the rail bulk material; hence, there might 
be a chemical reaction between leaves and rails at the surface. Moreover, GD-OES analysis 
clarifies that a depth profile of oxygen is significantly different from the other samples without 
a tarnished layer. The thickness of a friction-reducing layer is approximately 300 nm, which is 
four times thicker than the other samples. This thick oxide layer seems to decrease the 
friction/traction coefficient [36-38] and to be a result of more complete chemical reactions 
between leaf debris and rails. Therefore, the chemical reaction probably produces the strong 
bonds between leaf film and rail.  
However, chemical conditions in the tarnished layer have not yet been clarified, because of 
charge-up problems during the ESCA analysis. Furthermore, the accelerator of a chemical 
Rail bulk
Easily sheared
chemically-reacted layer
Coated slippery layer
Friction-reducing layer
Rail
Tarnished layer
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reaction has not yet been revealed, which is the most important parameter to prevent leaf film 
formation. Therefore, this model might reflect the chemical and bonding conditions between 
leaf films and rails, however, more detailed analyses toward the clarifications of chemical and 
bonding conditions seem to be needed.  
 
5.3 Other hypotheses 
There are some other hypotheses for the bonding mechanism and the leaf layer chemistry. For 
example, pyrite (FeS2) is expected to be one of the bonding materials, which is produced by 
active Fe ions (Fe2+ and Fe3+) and sulphur included in the leaf [27]. Other components possibly 
react chemically and form the strong bond, namely, fatty acids from cutin and carbohydrates 
from pectin, cellulose and lignin [27]. All these hypotheses are based on the chemical reaction 
with radical Fe ions emitted from the steel surface iron oxides, and the high contact pressure 
seems to enhance or trigger the reaction. However, the proposed reaction processes have not 
yet been established experimentally. The chemical analyses carried out in previous studies 
support these ideas [15, 25, 26], thus, more detailed research is required to demonstrate them.  
In conclusion, the bonding condition and leaf layer chemistry have been gradually clarified by 
new research approaches, and two representative models, a laboratory-based model and a field-
based model, are proposed based on previous studies [25, 26]. However, the chemical reaction 
process between the leaf components and the rail materials has not yet been established. Further 
experimental work is needed to demonstrate the fundamental processes. 
 
6. Expected key parameters 
 
The chemical and bonding mechanisms of leaf film formation need to be determined as a first 
step. From the point of view that wheels slip on the leaves with high pressure, several 
parameters are expected to influence the formation of leaf films, namely, iron oxides, high 
temperature, high pressure and material from leaf residue. The specifications and effects of 
these parameters are described below.  
 
6.1 Iron oxide 
6.1.1 Iron oxide on the rail 
The existence of Fe-based oxide on the rail surface has been recognised, particularly, in areas 
near to the sea, where the rail can be easily covered with rust [38, 39]. It is revealed that there 
are some types of iron oxides, such as a haematite (Fe2O3) and magnetite (Fe3O4), on the rail 
surface [37-39]. These oxides are deemed to form a mechanically mixing layer [37], 
presumably leading to the formation of third body layers [40]. As a result, Fe oxides are thought 
to be an important material to determine the tribological behaviour of the contact area, and the 
effects have been studied, particularly, in terms of adhesion problems [36-38, 41, 42]. 
Generally, iron oxides are easily formed by oxygen in the air, and the types of oxides strongly 
depend on environmental parameters, such as temperature, pH and oxygen level [27]. Fe2O3 
(red oxide) is the most common oxide in nature [27, 43]. Fe2O3 exists in the form of iron 
oxyhydroxides as a result of hydration, VXFKDVĮ-)H22+ȕ-)H22+DQGȖ-FeOOH [27, 39]. 
Another iron oxide, Fe3O4 (black oxide) can generally act as a passivation film to protect from 
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further corrosion [44].  It is also detected on the rail head, in particular, at the gauge corner of 
the rail, where severe contact pressure and high sliding occur during curving [39].  
Previous research in the material science field suggests that Fe(OH)2 is converted into Fe3O4 
DQGȖ-FeOOH by dehydration and deprotonation, depending on the reaction condition (Fe3O4 
production seems to need a relatively poor oxygen environment and a long reaction time) [43]. 
These results support the observations described above. Overall, both Fe2O3 and Fe3O4 can be 
produced on the rail surface, and seem to have a significant effect on tribological characteristics 
in the contact area [36-38, 41, 42]. 
 
6.1.2 Low adhesion due to the iron oxides 
The decrease of friction/traction coefficient due to iron oxides on the rail surface has been 
reported by many researchers [37, 38, 41, 42]. Oxide films are considered to be the mixture of 
Fe2O3 and Fe3O4, and the relatively soft Fe3O4 reduces the friction although hard Fe2O3 
increases or maintains the friction level [37, 38]. However, rust (Fe2O3) is also reported to have 
a tendency to decrease the friction coefficient compared to clean samples, depending on 
relative humidity [42]. Consequently, Fe oxides produce low adhesion conditions, although the 
magnitude depends on the oxide types.  
 
6.1.3 Catalyst effects 
Both Fe3O4 and Fe2O3 (transformed into Fe3O4 during the reaction [46]) are discovered to act 
as a catalyst in the decomposition of biomass materials, which contain a high amount of 
cellulose [45, 46]. Although relatively high temperatures and pressures are required (e.g. 
300~400 °C and 3.5 MPa) [45], these iron oxides enhance the chemical reaction, and also 
production of gasification or dissolution into an organic solvent [45, 46]. They might assist the 
migration of ions, such as active hydrogen, and promote the reaction. Furthermore, Fe3O4 
seems to act as a catalyst more than Fe2O3, because the transformation from Fe2O3 to Fe3O4 is 
observed after the reaction [46]. However, the detailed process of the chemical reaction related 
to the catalyst has not been clarified.  
 
6.2 Temperature 
A high slip ratio between the wheel and the rail causes a rise in temperature in the contact patch 
due to frictional work in the contact [47-49]. Examples of contact temperature are shown in 
Table 2. As can be seen, the maximum temperature is estimated to be over 727 °C in real tracks, 
forming a white etching layer with martensite transformation [49]. Temperature is an important 
parameter in chemical reactions, which activates ions and enhances the reaction process. From 
this viewpoint, the thermal energy must be considered for chemical reaction between the leaf 
residue and the rail. 
As a result, the thermal energy induced by the wheel slip is expected to be a significant 
parameter which controls the chemical reaction between the leaf residue and the rail material. 
 
Table 2: Achievable contact temperature 
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6.3 Pressure 
Generally, the contact pressure between wheels and rails ranges from 0.6 to 2.7 GPa [50], and 
this high pressure seems to compact the leaf layer and bond it to the rail surface tightly. The 
black leaf films have been formed both in laboratory-based tests and field tests, where high 
pressure is applied in the contact area [4, 12, 14, 16, 17, 19-21, 24]. Although there are many 
parameters, this fact suggests the significance of high pressure for leaf film formation on the 
rail surface. 
Another effect of high pressure is refinement of material micro-structure [51]. This 
phenomenon is confirmed in a third body layer, where the structure of a third body is very fine 
or sometimes nano-crystalline with long sliding distance [52]. Although such a refinement 
seems to depend on the material combinations, a rolling-sliding contact between the wheel and 
rail induces similar phenomenon, leading to reduction in grain size at the surface, 20 nm on 
average [53]. Accordingly, these investigations [51, 52] show that high contact pressures affect 
the formation of leaf layers with severe deformation of the rail surface, in particular, surface 
oxides. Furthermore, they might assist in the strong bond formation between leaf films and 
rails, providing the mechanically mixed layer.  
6.4 Material 
6.4.1 Cellulose 
Cellulose is a glucose polymer and a predominant material in plant cells [27, 54], and it is one 
of the main components in biomass, which is recently re-evaluated as a green energy source 
[45, 55]. Cellulose is also contained in both leaves and leaf films, and it is expected to be one 
of the key materials which form a strong bond to the rail [14, 27]. Usually, cellulose is dissolved 
into water, however, it maintains a crystal structure and is not decomposed under normal 
circumstances [54, 55]. This suggests that special circumstances, such as high temperature and 
high pressure, are required to form a cellulose complex with other materials.  
The usages of cellulose are varied, with cellulose being found in the manufacture of paper, 
foods, chemicals [55] and adhesives [56]. This usage suggests that cellulose can be transformed 
into adhesive if it is decomposed into appropriate forms, and may adhere the leaf residue to the 
rail. 
 
6.4.2 Lignin 
Lignin is a polymer that forms plant cell walls [27, 57, 58], and it accounts for 15-25 wt% of 
plant biomass material [59]. FT-IR analysis reveals that lignin is contained in leaf residue 
produced by laboratory experiments, and thought to be a main component of leaf films [12, 
17]. However, it is suggested that lignin is a structural material as it is not easily dissolved in 
pure water [15]. Thus, lignin has not been the main focus of previous low adhesion research. 
Recent studies in chemistry show that the long chain polymer structure of lignin can be broken 
down under high temperature and high pressure, which is sometimes a sub- or supercritical 
Reference Temperature Features
47 100 Υ Twin disc with 5 % slip
48 200 Υ Pin-on-disc with 100 % slip
49 Over 727 Υ Field, Martensite transformation observed
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environment [58-63]. According to these studies, lignin is transformed into gas and dissoluble 
fragments in a relatively short time, e.g. within 5 seconds [58], depending on the experimental 
conditions. This suggests that decomposition of leaf lignin might be possible under the 
conditions in the wheel/rail contact, due to the high pressure and the high temperature.  
Lignin can also act as an adhesive by forming a polymer through crosslinking with other 
components, such as furfural and phenol [64, 65]. For example, a glass fibre strip immersed in 
a lignin-based adhesive has been shown to give a good tensile strength, achieving 
approximately 90% the strength of a strip with phenol-formaldehyde resin, which is a 
commercially used adhesive in the wood industry [64]. These results indicate the possibility 
that the lignin-based adhesive could be formed with wet leaves on the rail, due to the high 
temperature and high pressure produced by the wheel/rail contact.  
A hypothesis has been proposed, in which lignin has an important role in forming a strong bond 
between leaves and rails [27]. In this hypothesis, an iron carbohydrate complex is formed as an 
interfacial layer, and this carbohydrate is from lignin of the cell wall. Although there is no 
reported experimental research, lignin might be one of the key bonding materials. 
 
6.4.3 Pectin 
Pectin is a soluble chemical compound, which can exist in one of three forms, namely, 
protopectin, pectin and pectic acid [57, 66]. One of the main features of pectin is that it is easily 
transformed into a gel [57]. Divalent metal cations, such as Ca2+ and Cu2+, change the pectin 
into gel with crosslinking effects [67, 68]. Studies of the leaf residue show that it contains 
pectate esterified to some extent and a relatively small amount of cellulose [15]. Due to the 
high solubility of pectin in water, pectin gel, which is probably crosslinked by Fe ions, is 
thought to produce low adhesion conditions [15]. The black colour of leaf films may be 
attributed to the chemical reaction between pectin and iron, and clusters agglomerated with 
cellulose fibres might form a bond [15]. This suggests that pectin is one of the key materials in 
the black layer, to form a strong bond between the leaf and the rail.  
However, the effect of pectin has not yet been clarified, in particular, how pectin reacts with 
other components chemically or how pectin can be a bonding material. For example, the 
detailed reaction process is not determined for the black colour formation. Moreover, the 
bonding strength of pectin gel has not yet been evaluated, thus, further experimental work is 
required.  
 
 
7. Discussion 
7.1 Drawbacks of current studies and the derived models 
Despite the significant progress in chemical condition analyses of leaf films [14, 15, 25-27], 
important parameters, which control conditions of the chemical reaction in the leaf film growth, 
have not yet been determined. For example, few experiments have been carried out focusing 
on parameters, such as temperature, pressure and material. More studies need to be 
implemented with various parameters to specify the key factors, which produce strong bonded 
leaf layers. 
The models derived in this paper which are based on the previous studies have some drawbacks, 
in that, the detailed process of the chemical reactions has not been demonstrated. For instance, 
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the elements of the friction-reducing layer are clarified in the field-based model [25], however, 
it is not confirmed how the detected elements are bonded chemically. Moreover, few 
experimental works have been implemented to verify the other hypotheses of the bonding 
mechanism. As a result, the bonding mechanism cannot be fully explained by these models or 
hypotheses. Hence, there is a need to establish the chemical reaction process to reveal the 
bonding mechanism. 
 
7.2 Paper Grading 
The citations used for this review have been graded to visualise the research area and determine 
which research has been carried out and what published research is lacking, using the same 
evaluation method as used in [69].  
The citations are divided into four FDWHJRULHV QDPHO\ ³*HQHUDO DGKHVLRQ´ ³3UHYHQWLRQ´
³)XQGDPHQWDO UHVHDUFK´DQG³0LWLJDWLRQ´(DFKFDWHJRU\KDVVHYHUDOJURXSVIRUH[DPSOHthe 
³*HQHUDODGKHVLRQ´FDWHJRU\KDVJURXSVVXFKDVDFDGHPLFUHVHDUFKODERUDWRU\WHVWLQJDQGILHOG
testing. Some citations have several aspects, and as such belong to several groups. This is 
shown in combination forms with numbers and letters, such as 1A and 1B, which means paper 
1 and aspect A or B, as shown in Appendix Table 3. 
After grouping, the paper is evaluated in seven areas as described below. 
 
1. Is the citation peer reviewed? 
2. Does the paper contain theory supported by testing? 
3. Is the test small scale? 
4. Is the test full scale? 
5. Does the citation contain real world measurements? 
6. Are the conclusions in the citation evidenced within the data? 
7. Are the conclusions validated by operational experience? 
 
$OOWKHTXHVWLRQVDUH³\HVRUQR´ interrogatory sentences, and ³\HV´REWDLQVRQHSRLQWThen, 
the citations are ranked into 3 categories by the accumulated points, namely, C (0-2), B (3-4) 
and A (5-7). For example, the citation obtains 3 yes scores, then the citation will get 3 points. 
In this case, the paper is UDQNHGDV³%´ The summary of this evaluation is shown in Appendix 
Table 3. The score is not a reflection of research quality, but a measure of how well the research 
contributes to the particular field under investigation (i.e. in this case the adhesion problem due 
to leaf contamination) according to the above criteria set by the author. For example this criteria 
gives higher weighting to full-scale testing rather than small-scale testing alone. Finally, the 
ranking results are shown as a knowledge map, which visualises the different research areas 
and research quantity/impact in each particular area. In this map, research gaps are shown as 
the areas marked with less density of circles, which means that there is no work or little work 
in this area.  
Figure 7 shows the knowledge map obtained in this evaluation process. As can be seen, general 
adhesion and mitigation groups have many previous studies on their sub-categories. In contrast, 
there has not been much published work in the prevention or principle research areas. Therefore, 
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it might be reasonable that new research is attempted in the prevention and principle research 
areas. 
 
7.3 Research Gaps 
Bonding mechanisms have not been clarified yet, thus, there are research gaps in the 
specification of bonding parameters and presumption of bonding mechanisms, as described 
below. 
z Parameter specifications 
Expected parameters, such as temperature, pressure and leaf components, should be examined 
separately. The evaluations could be carried out in terms of mechanical/tribological properties 
(friction coefficient, hardness, shear strength, etc.) and chemical analysis (LRSS, ESCA, EDX, 
etc.). Subsequently, the effective parameters required for the formation of strong bonds can be 
determined.  
z Reaction process presumptions 
The reaction process between the leaf layer and the rail should be considered with input from 
the parameter investigation, and confirmation experiments should be carried out to establish 
the theory. 
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Figure 7: A knowledge map in previous studies regarding leaf films on the rail, based on the 
total scores in evaluation. 
 
7.4 Proposed Model  
After reviewing the previous research in this area, a new model which represents the bonding 
condition between the leaf film and the rail surface is suggested, as shown in Figure 8. In this 
model, the leaf film is bonded to the rail surface via the bonding layer which acts as a buffer 
layer. This bonding layer has an intermediate characteristic between leaf films and bulk rails, 
and has a role to absorb the difference in material properties, leading to a strong bond. This 
bonding layer is analogous to a buffer layer. Buffer layers are a common technique used in the 
semi-conductor industry [70], to relieve the lattice mismatch between the substrate and film 
improving film quality. Although the conditions of film formation are different between semi-
conductors and leaf layers, the use of buffer layers in industry supports the bonding layer model. 
In this model, the concentrations of leaf components and Fe ions are gradually changed in the 
bonding layer. For example, the concentration of leaf components is highest at the surface, and 
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lowest close to the bulk material. GD-OES results [25] support this idea, which shows gradual 
changes in oxide concentration from surface to bottom. 
 
 
Figure 8: Schematic figure of proposed model, composed of leaf layer, bonding layer and rail 
bulk material. The bonding layer consists of leaf components and iron oxides, with this mixture 
forming the strong bond. 
 
The generation mechanism of the bonding layer is shown in Figure 9. In this model, high 
pressure and high temperature are the main activators for the bonding layer formation. When 
wheels slip on top of low friction/traction leaves on the rail, thermal energy should be generated. 
This thermal energy is expected to be high enough to decompose organic components in leaves 
and to activate Fe ions on the rail surface, as shown in Table 2. Then, the leaf components and 
Fe ions are chemically reacted under a wet environment, which probably supplies reactive 
elements, such as oxygen, nitrogen and hydrogen. Finally, a mixed layer of leaf components 
and Fe ions is formed, and it possibly becomes a bonding layer after rapid cooling. 
 
 
Figure 9: Proposed generation process of the bonding layer. High temperature generated in the 
wheel/rail contact due to the high slip and high pressure enhances the chemical reaction. 
Temperature and pressure are important parameters used to control the properties of thin films 
in semiconductor manufacture. Thermal energy induced has a significant role, applying energy 
to ions and putting them into a radical condition. In terms of train operation, the continuous 
thermal generation at particular area of line could occur (for example wheel spin), leading to 
enough energy production for chemical reaction. This assumption is supported by the previous 
study [25], which shows a thick friction-reducing layer, approximately 300 nm in thickness 
(described in 5.2). Under other conditions, the oxide layer is thought to be less than 10 nm [25], 
so a layer of 300 nm indicates additional energy input, i.e. thermal.  
The thermal energy generated in a wheel steel/leaf contact will be lower than the energy in the 
steel/steel (wheel/rail) interface due to the lower shear strength of the leaf film. However, high 
temperature could be achieved in a wheel/leaf contact by: a) some steel/steel asperity contact 
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which penetrates the leaf layer, leading to very localised high flash temperatures in the contact 
and b) multiple wheel passes over the leaf layer as locomotives typically have 4 to 6 axles, so 
that the thermal energy due to flash temperature is accumulated. Additionally, leaf layers may 
form after many locomotive passes meaning that leaf layers could be formed by the gradual 
repeated application (i.e. many axle passes) of pressure and temperature. 
Overall, the thermal energy due to high slip and high pressure of wheels activates the leaf 
components and Fe ions, and enhances chemical reaction between the leaf components and the 
rail bulk, forming a thick bonding layer.  
 
7.5 Hypothesis of bonding mechanism 
Based on the proposed model and process, some hypotheses are considered, as described below.  
 
7.5.1 Sub- or supercritical water 
Generally, leaf components, such as lignin, are stable and they are not easily decomposed into 
fragments. However, they can be decomposed under sub- or supercritical conditions as 
described in section 6.4.2, that is, temperature is greater than 374.2 °C and pressure greater 
than 22.1 MPa (Critical point). The schematic figure of this idea is shown in Figure 10. As 
described in section 6.2 and 6.3, high temperature H[RYHUÛ& [49]) and high pressure (ex. 
0.6 ± 2.7 GPa [50]) are achievable in the contact area, thus, this hypothesis seems reasonable.  
The reaction process is divided into four steps. As a first step, the high pressure is applied to 
wet leaf films on the rail surface as shown in Figure 10 (a). Then, the contact temperature 
increases due to thermal energy induced by sliding in the contact, and the water in the leaf film 
becomes sub- or super critical. During the sliding, leaf components and Fe ions are released 
from leaf films and rail surface, respectively, and they are dissolved into the sub/super critical 
water as shown in Figure 10 (b). Subsequently, dissolved leaf components react with Fe ions, 
and a mixture of this material is formed. Finally, a bonding layer is formed after cooling.  
 
 
 
Rail
High 
Pressure
Water
Fe ions Leaf components
Wheel
Leaf Sub/Supercritical 
water
Small cavities
(a) (b)
21 
 
Figure 10: A dissolution process of cellulose and lignin 
(a) Small cavities filled with water between the leaf and the rail under high pressure 
(b) Zoomed in, leaf components and Fe ions dissolved into the water under sub/supercritical 
conditions (Pressure > 22.1 MPa, Temperature > 374 °C) 
 
It should be noted that more careful consideration regarding temperature and pressure is needed 
for this hypothesis, for example, temperature calculation and pressure estimation during wheel 
slips. However, previous studies described in section 6 strongly support the hypothesis.  
 
7.5.2 Catalyst function of iron oxides 
Figure 11 shows a decomposition process of leaf components due to iron oxide catalyst. As 
mentioned in section 6, iron oxides have a catalyst function, which enhances the decomposition 
of cellulose or lignin under certain environments, namely, high temperature and high pressure. 
Although the magnitude of the catalyst function is not significant [45, 46], the active surface 
of iron oxides accelerates decomposition of leaf components more than under normal 
conditions. 
There are three steps in the degradation process due to iron oxide catalyst. First of all, high 
temperature and high pressure are applied to wet leaf films on the iron oxide film formed on 
the rail surface as shown in Figure 11 (a). After that, leaf components, such as cellulose and 
lignin, are dissolved into the water, subjecting any water in the contact to sub/supercritical 
conditions as shown in Figure 10 (b). Immediately, dissolved components are decomposed into 
small fragments on the surface of iron oxides, such as Fe2O3 and Fe3O4, as shown in Figure 11 
(b). In this step, iron oxides work as a catalyst. Finally, these fragments react together, or react 
with Fe ions discharged from the surface, and a bonding layer (mixing layer) is formed. 
 
Figure 11: A decomposition process of leaf components with the catalyst of iron oxides.  
(a) A contact condition with the surface iron oxides such as Fe2O3 and Fe3O4. 
(b) Zoomed in, degradation process of leaf components into small fragments with the 
assistance of iron oxide catalysts.  
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It is noteworthy that this hypothesis has a close relationship to the sub/supercritical hypothesis, 
that is, both of them need high temperature and high pressure for chemical reaction. Lignin can 
be decomposed within 5 seconds or shorter under supercritical conditions (22.1 MPa, 374°C, 
see 6.4.2). The duration of a single wheel pass will be considerably shorter than this time. 
However, the pressure in a wheel rail contact is typically 900 MPa or more. This considerably 
higher pressure may reduce the time needed for the full decomposition of lignin. Also full 
decomposition could be achieved over many wheel passes as a single or multiple locomotives 
roll over the leaf. 
 
7.5.3 Cellulose or lignin adhesives 
Figure 12 depicts a schematic of the proposed mechanical interlocking mechanism of leaf 
adhesives. This hypothesis focuses on the basic bonding mechanism rather than the process of 
a bonding layer formation. In this hypothesis, dissolved leaf components and Fe ions are 
assumed to form an adhesive layer after the chemical reaction because cellulose and lignin 
have properties as an adhesive, as described in 6.4.1 and 6.4.2. Although there are many 
mechanisms regarding adhesives, one of the main theories is mechanical interlock theory, 
which explains that adhesive material fills surface asperities and anchor the two materials [71].  
 
 
Figure 12: A schematic figure of adhesive layer formation, based on cellulose or lignin 
polymerisation. 
(a): Re-polymerisation process through crosslinking by Fe ions 
(b): Mechanical interlocking by adhesive layers produced by re-polymerisation 
 
The process of adhesive formation can be divided into three steps. First, leaf components and 
Fe ions are dissolved into water, and leaf components are decomposed into small fragments, 
as described in 7.5.1 and 7.5.2. Following the decomposition, the small fragments are cross-
linked by other elements, such as Fe ions as shown in Figure 12 (a). Through crosslinking, 
decomposed fragments are re-polymerised in the water. As a result, an adhesive layer is formed 
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by the re-polymerisation process, filling the asperities on the rail surface as shown in Figure 
12 (b).  
 
7.6 Hypothesis of low adhesion mechanism 
There are several arguments regarding the reason why the leaf residue causes low adhesion. 
However, the main cause has not yet been determined because of the many parameters, such 
as relative humidity, third bodies and temperature. Therefore, some hypotheses are proposed 
here to consider the main cause of low adhesion, focusing on how leaves work as a lubricant. 
 
7.6.1 Bulk leaf 
This hypothesis assumes that there are many fallen leaves on the line because of strong winds, 
as shown in Figure 13. If wheels pass over the leaves, leaves are compacted and adhered to the 
rail. During the wheel passages, leaves might act as a solid lubricant because the thickness will 
be large enough to prevent metal-to-metal contact. Consequently, the friction/traction 
coefficient on the contact area is lowered. After wheel passages, natural third body layers, 
namely, leaf films, are presumably formed, and the low adhesion problem continues for a long 
time. 
Both laboratory experiments and experiences in train operation support this hypothesis. It is 
demonstrated that a continuous application of leaves into the contact area of a twin disc 
machine produce a low friction/traction coefficient (i.e. < 0.05) in both dry and wet conditions 
[4].  Furthermore, train operation is often suspended or delayed because of sudden and heavy 
leaf falls, which can be caused by strong winds.  
 
 
Figure 13: A schematic figure of the low adhesion mechanism due to bulk leaves, which have 
fallen on the line because of strong winds. 
Figure 14 shows the classification of leaf conditions as a solid lubricant. Both wet and dry 
leaves are confirmed to produce low adhesion conditions, however, there are probably 
differences in friction/traction coefficients between green leaves and brown leaves. Further 
work is needed to demonstrate how this classification works for friction/traction coefficients. 
Wheel
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Not compacted 
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Figure 14: Classification of leaf conditions as a solid lubricant 
 
7.6.2 Adhered leaf film 
This hypothesis explains how leaf films adhered to the rail surface work as a lubricant, after 
compaction by wheel passages. Figure 15 shows a schematic view of the low adhesion 
mechanism of leaf films in dry conditions, based on a field-based model described in 5.2. The 
friction-reducing layer in the middle is created by a chemical reaction between the leaf and rail. 
This layer contains various elements from the leaf and rail, such as carbon and iron oxides [25, 
26], working as a third body layer. 
In this hypothesis, there are two factors which cause a decrease of the friction coefficient, 
namely, leaf films and the friction-reducing layer. First, leaf films are likely to become a solid 
lubricant due to their low shear strength. Previous studies reveal that leaf films created on test 
specimens produce low friction/traction coefficients [12, 16, 17, 24]. Furthermore, the friction-
reducing layer also decreases the friction coefficient, because of the iron oxides in the layer. 
Iron oxides on the rail surface could be attributed to the decrease in friction/traction coefficients 
(see 6.1.2), thus, this hypothesis in dry conditions seems to be rational. 
Figure 16 shows the low adhesion mechanism in wet conditions. In this hypothesis, leaf films 
absorb dew formed on the rail surface, and they are deteriorated, in particular, softened. The 
softened leaf films presumably have a lower shear strength, and cause low friction/traction.  
Wet leaves are identified to decrease friction/traction coefficients in the wheel/rail contact [4, 
7, 15-20], in addition, the statistical data of train operation suggests that morning dew affects 
adhesion condition and increases the number of accidents (see section 2). 
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Figure 15: A schematic figure of the low adhesion mechanism due to adhered leaf films in 
dry conditions 
 
 
Figure 16: A schematic figure of the low adhesion mechanism due to adhered leaf films in wet 
conditions 
 
 
7.6.3 Pectin gel 
This hypothesis is based on the results that the pectin gel forms a slippery film on the surface, 
which is discharged from the leaf residue [15]. Figure 17 shows the low adhesion mechanism 
in the case of a relatively high amount of water, such as rain and heavy morning dew. FT-IR 
analysis demonstrates that there is pectin and cellulose as water-soluble components of the leaf, 
with pectin transforming into the pectin gel, presumably, by reacting with Fe ions [15]. 
Therefore, this pectin gel on the film surface is thought to prevent metal-to-metal contact by 
forming a lubrication film, leading to low friction/traction. Furthermore, EHL 
HODVWRK\GURG\QDPLF OXEULFDWLRQ ILOPV PLJKW EH IRUPHG GXH WR WKH JHO¶V KLJK YLVFRVLW\
depending on the speed range [15].  
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Figure 17: A schematic figure of the low adhesion mechanism due to adhered leaf films, 
forming pectin gel on the film surface.  
In conclusion, a number of hypotheses are proposed based on previous works [4, 7, 15-20, 24-
26], which are bulk leaf, adhered leaf film and a pectin gel model. Further works need to be 
carried out to confirm these hypotheses and establish the low adhesion mechanism due to 
leaves. 
 
8. Conclusions 
 
In this paper, low adhesion problems, which are presumed to be caused by leaves in the 
wheel/rail contact, were illustrated through a literature review and data analyses, focusing on 
the bonding mechanism, key parameters and the low adhesion mechanisms. This study is 
composed of six parts, namely, incident analysis, low adhesion, bonding mechanism, 
mitigation methods, key parameters and hypothesis proposals of bonding mechanism and low 
adhesion mechanisms. The conclusions are shown below: 
 
z There is a relatively high possibility of station overruns and SPADS (signals passed at 
danger) between the hours of 05:00 ± 10:00 and 20:00 ± 24:00 (in the UK), which was 
confirmed in the incident analysis. This could be attributed to leaf films on the rail, which 
are moistened by dew produced by high relative humidity in the morning and at night. 
z The friction/traction coefficient where leaf films are on the rail was identified as below 0.1 
in both laboratory and field studies, which is categorised as a low adhesion level. Wet 
leaves tend to produce low friction/traction coefficients of around 0.05.  
z Mitigation methods, such as sanding, friction modifiers and high pressure water, are 
thought to be effective for leaf induced low adhesion problems to some extent. However, 
there are still some issues with performance and cost. 
z A laboratory-based model and a field-based model were derived as representative models 
for a bonding structure of leaf films based on previous studies. Chemical reaction between 
the leaf film and rail were considered to bond these materials, however, the detailed 
process has not yet been established. 
Pectate gel formation due to pectin 
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Water covering a leaf film
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Cross section A ± $¶Water 
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$¶
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Water
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z Key parameters that affect the bonding mechanism were investigated and assumed as iron 
oxides, temperature, pressure and material (leaf components). Further work is needed to 
identify which parameter is more predominant to form a strong bond between the leaf and 
the rail. 
z Several hypotheses were proposed to explain the bonding mechanism, based on the results 
in the material and biochemistry fields: sub- or super critical water, catalyst function of 
iron oxides and adhesives of cellulose or lignin. Additionally, low adhesion models were 
also assumed including: bulk leaf, adhered leaf film and a pectin gel models. Theses 
hypotheses need to be demonstrated now by experiments. 
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